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BACKGROUND AND PURPOSE
Fostamatinib is an inhibitor of spleen tyrosine kinase (TK). In patients, fostamatinib treatment was associated with increased
BP. Some TK inhibitors cause BP elevation, by inhibiting the VEGF receptor 2 (VEGFR2). Here, we have assessed the
mechanistic link between fostamatinib-induced BP elevation and inhibition of VEGF signalling.

EXPERIMENTAL APPROACH
We used conscious rats with automated blood sampling and radio telemetry and anaesthetized rats to measure cardiovascular
changes. Rat isolated aorta and isolated hearts, and human resistance vessels in vitro were also used. NO production by
human microvascular endothelial cells was measured with the NO-dependent probe, DAF-FM and VEGFR2 phosphorylation
was determined in mouse lung, ex vivo.

KEY RESULTS
In conscious rats, fostamatinib dose-dependently increased BP. The time course of the BP effect correlated closely with the
plasma concentrations of R406 (the active metabolite of fostamatinib). In anaesthetized rats, infusion of R406 increased BP
and decreased femoral arterial conductance. Endothelial function was unaffected, as infusion of R406 did not inhibit
hyperaemia- or ACh-induced vasodilatation in rats. R406 did not affect contraction of isolated blood vessels. R406 inhibited
VEGF-stimulated NO production from human endothelial cells in vitro, and treatment with R406 inhibited VEGFR2
phosphorylation in vivo. R406 inhibited VEGF-induced hypotension in anaesthetized rats.

CONCLUSIONS AND IMPLICATIONS
Increased vascular resistance, secondary to reduced VEGF-induced NO release from endothelium, may contribute to BP
increases observed with fostamatanib. This is consistent with the elevated BP induced by other drugs inhibiting VEGF
signalling, although the contribution of other mechanisms cannot be excluded.

Abbreviations
DABP, diastolic arterial BP; dP/dt +/−, the rate of left ventricle pressure rise and decline; FBF, femoral arterial blood
flow; FVC, femoral vascular conductance; HMEC, human microvascular endothelial cells; LV, left ventricular; MABP,
mean arterial BP; RH, reactive hyperaemia; RTKi, receptor TK inhibitors; SABP, systolic arterial BP; TK, tyrosine kinase

Introduction
Drug-induced BP elevation is a recognized effect of several
drugs that inhibit VEGF receptor (VEGFR) signalling

(Robinson et al., 2010; Thanigaimani et al., 2011; receptor
nomenclature follows Alexander et al., 2013). For example,
sunitinib, sorafenib and pazopanib are drugs approved for the
treatment of a variety of cancers. These drugs inhibit VEGFR2
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at clinically therapeutic exposures and are associated with a
15–60% incidence of hypertension in the clinic (Keefe et al.,
2011; McTigue et al., 2012). The mechanism by which these
and other VEGF receptor tyrosine kinase inhibitors (RTKi)
elevate arterial BP has been the focus of several investigations,
which together suggest that inhibition of VEGF signalling in
the vasculature is involved. VEGF is a key regulator of vascu-
lar homeostasis (Robinson et al., 2010). In particular, ligand
binding to VEGFR2 on endothelial cells leads to stimulation
of NOS, and the resulting release of NO causes smooth muscle
relaxation and vasodilatation (Facemire et al., 2009). Inhibi-
tion of VEGF itself (e.g. by the anti-VEGF bevacizumab) or
direct inhibition of VEGFR2 therefore impairs this vasodila-
tory response, leading to BP elevation.

Fostamatinib (the pro-drug of the active metabolite R406)
is a small-molecule kinase inhibitor with activity on spleen
TK (SYK) and has completed phase III clinical studies for the
treatment of rheumatoid arthritis (Braselmann et al., 2006;
McInnes and Schett, 2007; Riccaboni et al., 2010; Weinblatt
et al., 2010). Fostamatinib inhibits SYK-mediated immune
signalling in many cell types involved in inflammation and
tissue damage in rheumatoid arthritis and so may inhibit key
steps in the progression of this disease (Wong et al., 2004). As
is common for RTKi that bind to the ATP binding pocket of
the protein, fostamatinib inhibits several kinases (including
VEGFR2) other than the intended primary target, when
assessed in isolated enzyme assays (Davis et al., 2011; Metz
et al., 2011). This off-target kinase activity is, however, lower
than SYK inhibition, in assays measuring cellular function
(Braselmann et al., 2006).

In phase II clinical studies in patients with rheumatoid
arthritis, fostamatinib has been associated with a mean
increase in systolic BP of approximately 3 mmHg between
baseline and 1 month after treatment initiation, compared
with a decrease of 2 mmHg with placebo (Weinblatt et al.,
2010; Genovese et al., 2011). In all cases, BP elevation
responded to antihypertensive treatment or a reduction in
the dose of fostamatinib. The purpose of this study is to
understand the physiological and molecular mechanisms for
fostamatinib-induced BP elevation. The data presented here
suggest that fostamatinib-induced BP elevation in rats is the
consequence of increased vascular resistance. Data suggest
that this may be in part mediated by impaired vasorelaxation
due to inhibition of VEGF-induced endothelial NO release.
These findings suggest that the BP elevation mechanism for
fostamatinib may be related to that seen in other members of
the RTKi class. However, given that fostamatinib inhibits a
number of other kinases, we cannot exclude the possibility
that targets other than VEGFR2 may also contribute to BP
elevation.

Methods

Animal care and use
Animal care and experimental procedures at the AstraZeneca
facility in the UK were performed under the authority of a
valid Home Office Project Licence and conformed to the UK
Animals (Scientific Procedures) Act, 1986 (UK Animals, Sci-
entific Procedures Act, 1986). Telemetry procedures were

performed under the authority of the AALAS approved Insti-
tutional Animal Care and Use Committee (IACUC) at the
AstraZeneca facility in Waltham, Massachusetts USA. All
studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 113 animals were used in the experiments described here.
Rats were supplied by Harlan Laboratories, Bicester, UK or
Charles River Laboratories, Raleigh, NC USA and transferred
to the AstraZeneca facility where they were maintained in
a 12-hour light:dark cycle and were given full access to a
standard rat chow and drinking water at all times. Animals
were acclimatized for at least 7 days before being used for
experiments

Cardiovascular recording in conscious
telemetered rats
Arterial BP was measured using radiotelemetry combined
with automated blood sampling as previously described
(Kamendi et al., 2010). Briefly, twenty-four male Sprague-
Dawley rats (300-350g), were implanted with TL11M2-C50-
PXT transmitters (Data Sciences International, St. Paul, MN
USA) and a femoral vein catheter under isoflurane anesthesia
at Charles River Laboratories (Raleigh, NC USA). Details of
the preparation of the telemetered rats are given in the Sup-
porting Information. Animals were transferred to the Astra-
Zeneca facility and, after the acclimatisation period, the
femoral catheters were connected to a Culex® automated
blood sampler (BASi, West Lafayette, IN USA). BP was
recorded before and up to 24-hours following oral dosing
with 10 mL·kg−1 vehicle, 10, 30, or 100 mg·kg−1 of fostam-
atinib. Blood samples (150 μL) were automatically collected
to determine the plasma concentration of R406.

General haemodynamics, VEGF-induced
vasodilatation and endothelial function in
anaesthetised rats
For all studies in anaesthetized animals, male Sprague-
Dawley rats were surgically prepared for the measurement of
arterial BP, ECG, and femoral arterial blood flow (FBF)(1mm
flow probe, Transonic Systems Inc., Ithaca, NY USA) under
isofluorane anaesthesia (0.5 to 5%) with mechanical venti-
lation. Femoral vascular conductance (FVC) was calculated
as FBF/MABP (mean arterial BP). Arterial blood gases and
rectal temperature were monitored and blood samples were
taken via the arterial catheter to determine plasma R406
concentrations.

For general haemodynamics, left ventricular pressure
(LVP) was also measured from a catheter inserted into the left
ventricle (Scisense Inc., London, ON Canada). Animals (n = 8
per group) received a single 30 min i.v. infusion of vehicle, 3
or 5 mg·kg−1 R406 at a dose volume of 1.0 mL·kg−1 (rate 0.03
mL·kg−1min−1).

For VEGF-induced vasodilatation experiments, rats
(n = 6 per group) received a single i.v infusion of vehicle or
4.5 mg·kg−1 R406 administered over 20 min at a dose volume
of 1.5 mL·kg−1. At 15 min into the infusion, a bolus dose of
VEGF (55 μg·kg−1) was administered i.v using a dose volume
of 0.8 mL·kg−1. Animals were monitored for a further 15 min
following the cessation of the infusion.
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Endothelial function was tested by examining the effects
of R406 on reactive hyperaemia (RH) and acetylcholine (ACh)
-induced vasodilatation. Animals (n = 5 to 7 per group)
received two consecutive 20 minutes i.v. infusions of vehicle,
or vehicle followed by 4.5 mg/kg R406 using a dose volume of
1.5 mL·kg−1. Separate groups of animals (n = 6 per group) were
given vehicle (water for injection) or 10 mg·kg−1 L-NAME, as
an i.v. infusion over 1 minute in a dose volume of 1 mL·kg−1.
For RH, hindlimb ischaemia was induced at 10 min into each
infusion (for R406 and vehicle), or before and after dosing
(for L-NAME and vehicle), by occluding the femoral artery,
proximal to the flow probe, with a cotton ligature for a 5 min
period, after which time the occluder was released to permit
reperfusion and reactive hyperaemia. For pharmacologically-
induced vasodilatation, 0.1 μg ACh was administered as an
intra-arterial bolus in a 20 μL volume at approximately 15
min into each infusion (for R406 and vehicle), or before and
after dosing (for L-NAME and vehicle). The arterial catheter
was positioned so that the tip lay in the aorta proximal to the
iliac bifurcation.

Cardiovascular data was recorded using ART Gold (Data-
Sciences international) for telemetry experiments and HEM
version 4.2 (Notocord, Croissy Sur Seine, FRANCE) for anaes-
thetised studies.

Determination of R406 plasma
concentrations from in vivo studies
Blood samples were taken using K2-EDTA as anticoagulant,
centrifuged, and stored at −70°C until analysed. The plasma
concentration of R406 was determined by liquid-liquid
extraction and liquid chromatography followed by detection
by mass spectrometry. Where free plasma concentrations
are quoted, this is based on plasma protein binding in the
rat of 97.9%. Details of the subsequent pharmacokinetic-
pharmacodynamic (PKPD) modelling are given in the Sup-
porting Information (Table S3).

Measurement of phosphorylated VEGFR2
(pVEGFR2) from murine studies
To assess the effects of fostamatinib on VEGFR-2 phosphor-
ylation in mouse lung in vivo, fostamatinib (100 mg kg−1) or
vehicle (1% polysorbate) was given to male nude (nu/nu
genotype) Alderley Park (Swiss-derived) mice. In order to
increase the basal VEGFR2 phosphorylation level, a bolus
dose of VEGF-A (30 μg per mouse) was given intravenously 5
min before humanely killing the animals at 3 h after the oral
dose of fostamatinib. Lungs were removed and immediately
snap frozen in liquid nitrogen. The amount of VEGFR2 phos-
phorylation was determined as previously described (Smith
et al., 2007).

Endothelial cell assays
VEGF-stimulated NO production by human micro-
vascular endothelial cells (HMECs; from AstraZeneca
Tissue Culture Collection, UK) was determined using the
NO-dependent probe, DAF-FM (4-amino-5-methylamino-
2′,7′-difluorofluorescein. HMECs were cultured in MCDB131
medium supplemented with MVGS (Invitrogen) and 2mM
L-alanyl-L-glutamine in 0.1% gelatin coated flasks. For each
experiment, cells were seeded into black, clear bottom 96 well

plates (Costar) at 6 × 104 cm2 for 24 h, then serum-starved
overnight. R406, pazopanib and anisomycin (a reference
NOS inhibitor) were dissolved in DMSO then diluted 1:200
into DAF reaction buffer (DAF-FM diacetate 0.2 μmol·L−1;
L-arginine 1mmol·L−1; Reaction Buffer) to achieve final
working concentrations. These were then applied to cells and
incubated at 37°C for 20 min. VEGF and Hoechst nuclear
stain (Invitrogen H3570) were added to give final concentra-
tions of 50ng·mL−1 and 2μg·mL−1, respectively. Plates were
incubated for a further 30 minutes at 37°C. Cells were washed
with PBS and read using an ImageXpress Micro (Molecular
Devices). Images were analysed using the Metaexpress®
multi-wavelength cell scoring algorithm measuring the cyto-
plasmic integrated intensity per cell.

Rat isolated heart
Isolated hearts from rats were prepared according to the Lan-
gendorff method and used as described by Stucker et al.,
(1985). Briefly, male Wistar rats (250-310g) were anaesthe-
tised (Imalgen1000, 1.5 mL·kg−1, i.p.) and 100 units of
heparin also injected. The heart was removed and rinsed in
Krebs-Henseleit buffer at 4°C. The aorta was cannulated for
retrograde perfusion of the coronary arteries at a constant
pressure of 70 mmHg with a Krebs-Henseleit buffer contain-
ing 25 mmol L−1 NaHC03, 1.8 mmol L−1 CaCl2 and 1 mmol·L−1

Na lactate (pH 7.4) at 36.5 to 37°C and gassed continuously
with 95%O2-5%CO2. The heart was placed in thermostatically
regulated chamber and was constantly rinsed with the liquid
ejected from the pulmonary artery. Coronary flow was meas-
ured by the perfusion pump. A metal cannula with a latex
balloon was inserted into the left ventricle and connected to
a pressure transducer. Left ventricular dP/dt+ and heart rate
were calculated from the left ventricular pressure signal. Each
heart was either exposed to ascending concentrations of R406
(up to 300 nmol·L−1) or 0.1% DMSO as a time-matched
vehicle control (n = 6 hearts per group).

Rat isolated aorta
The effects of R406 in rat isolated aorta were determined
using methods similar to those previously described
(University of Edinburgh. Dept. of Pharmacology, 1970).
Male Wistar rats (250–310 g), were killed and the thoracic
aortae removed. The rings were mounted between metal
hooks and suspended in a 25 ml organ bath containing Krebs
buffer warmed to 36-37oC, oxygenated with 95% O2, 5% CO2.
The endothelium was not removed. Tissues were placed
under a 1g resting tension and equilibrated in the Krebs
solution using tissue bath wash outs at 10 min intervals for 1
h, resting tension being restored manually after each wash.
Following this, tissues were sensitised to phenylephrine at a
final bath concentration of 10 μmol·L−1, tissues washed after
each response, until reproducible contractions were obtained
(typically after the 4th sensitisation).

Once reproducible contractions to phenylephrine were
obtained, tissues were washed a final time and then con-
stricted with 10 μmol·L−1 phenylephrine (final bath concen-
tration). Time was allowed for this contraction to stabilise,
typically between 10 and 20 min, to provide a constant base-
line. R406 was added to the bath in increasing concentrations
up to 1 μmol·L−1. A high concentration of 100 μmol·L−1 R406
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was formulated in 20% N-methyl-2-pyrrolidone (NMP)
(Fisher Scientific, Leicestershire, UK) and 80% distilled water
and diluted further into buffer to give the range of lower
concentrations used in the assay. The same vehicle without
test compound was also diluted in the same way to give a
matched vehicle sample for each active compound concen-
tration added, thus both compound and vehicle increased in
concentration in the assay.

In a second set of studies, rat aortae were prepared as
above and sensitised to phenylephrine in the same manner,
and then washed with Krebs buffer. At this point a dose-
response to phenylephrine was generated over a range
of concentrations (10 nmol·L−1–100 μmol·L−1). After this
first dose-response, tissues were washed until tension had
returned to the original 1g baseline. R406, at final bath con-
centrations of 0.7 or 2 μmol·L−1, or 100 μmol·L−1 L-NAME, or
vehicle control were then added to individual tissues and
allowed to equilibrate for 90 minutes. At that point, still in
the presence of test compound or vehicle, a second phenyle-
phrine dose-response was conducted.

Human isolated blood vessels
Ethical approval was received in advance of the research and
informed consent was obtained from all patients in accord-
ance with the Declaration of Helsinki. Skin samples were
obtained from residual tissue of patients undergoing elective
cosmetic surgery. Excised tissue was dissected into vessel seg-
ments approximately 2 mm in length, and the endothelium
was left intact. Contractile responses were measured using
wire myography as previously described (Lynch et al. 2013).
Briefly, tissue were exposed to high extracellular K+ (62.5
mmol·L−1), ACh (10 μmol·L−1) and U46619 (100 nmol·L−1) to
ensure contractile responses were intact, and then washed
with physiological saline solution prior to testing R406.
Tissues which did not respond were rejected. Following this
procedure, contractile responses were measured in response
to ascending concentrations of R406, up to 1 μmol L−1.

Data analysis
Data from the conscious telemetered rat and general haemo-
dynamic studies were modelled using a repeated measures
(mixed effects) model. Dose, time points and their interaction
were fitted as fixed effects; animal was fitted as a random
effect. The average of two baseline values was included as a
covariate in the general haemodynamics experiment, but
not deemed necessary in the telemetry study. Differences
between each dose group and the vehicle group at each post-
dose time point were evaluated using a two-sided test, with
P < 0.05 considered significant. Student’s t distribution
(general haemodynamics experiment) or Tukey’s post hoc test
(telemetry) were used for comparisons.

In the studies with anaesthetised rats, data were obtained
on endothelial function and VEGF-induced vasodilatation.
For the endothelial function testing, since both R406 and
the positive control, L-NAME, induced changes in baseline
haemodynamic parameters, the maximum increase in
femoral blood flow (FBF) and femoral vascular conductance
(FVC) from pre-occlusion baseline were calculated for the first
(control) hyperaemia and for the hyperaemia after adminis-
tration of R406, L-NAME or their respective vehicles. The

increase in FVC induced during the hyperaemia was quanti-
fied by calculating the area under the curve (AUC) of the first
2 or 5 min of the response. The increase in FVC evoked by
intra-arterial administration of ACh was quantified in a
similar manner; however, due to its more transient effects,
the AUC0-30s was calculated. Changes in the AUC parameters,
induced by the test substances or vehicles, were calculated by
subtracting the control response from that obtained after test
substance administration. Effects of treatments on endothe-
lial function and on VEGF-induced hypotension were com-
pared to their respective time-matched, vehicle controls
using a two-sided unpaired Student’s t-test assuming equal
variance between groups.

Data from the isolated heart preparations were analysed
with a two-way ANOVA with repeated measures followed, if
P<0.05, by a Bonferroni post hoc test, comparing the treated
and control groups. Data from the assays using isolated blood
vessels (rat or human) were analysed by two-tailed unpaired
Student’s t-test. A P value of <0.05 was considered significant.

Materials
Fostamatinib, R406, pazopanib and anisomycin were
obtained from the AstraZeneca compound collection. For oral
dosing of fostamatinib, the vehicle used was an aqueous
solution containing 0.1% sodium carboxymethylcellulose,
0.1% methyl paraben and 0.02% propyl paraben and for
intravenous dosing of R406, the vehicle was 40% DMA/40%
PEG 400/20% of 75% HP-β-CD. Human VEGF-A (165
isoform) was expressed in Sf21 insect cells using the baculo-
virus expression system and purified from cell lysates using
heparin-Sepharose affinity chromatography followed by
C2-C18 mixed bed reversed-phase chromatography. Other
compounds used were purchased from Sigma unless stated
otherwise.

Results

Effects of fostamatinib on BP in
conscious rats
In conscious telemetered rats, single oral doses of 10, 30 and
100 mg·kg−1 of fostamatinib caused a dose-dependent eleva-
tion in BP that returned to baseline within approximately
24 h of dosing (Figure 1A–C). Significant peak increases in
mean arterial BP (MABP) varied from approximately 10%
following administration of 10 mg·kg−1 of fostamatinib to
15% following 100 mg·kg−1. The time course of the BP effect
correlated closely with changes in R406 plasma concentra-
tions, suggesting a pharmacologically mediated effect. The
relationship between R406 plasma concentration and
increase in MABP was well described by the sigmoid Emax

model (Figure 1D). From these data, the EC50 estimate for
MABP was 790 and 17 nmol·L−1, based on total and free
plasma concentrations respectively. Emax was estimated to
11% change from baseline and γ was estimated to 1.6. Similar
EC50 values were also returned for changes in diastolic and
systolic arterial BP (DABP and SABP; see Supporting Informa-
tion). The 100 mg·kg−1 dose was also associated with a
decreased heart rate that did not reach significance (data not
shown). The increase in BP in conscious rats with fostam-
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atinib treatment is consistent with our previous data with a
VEGF receptor inhibitor (Curwen et al., 2008).

Haemodynamic effects of R406 in
anaesthetized rats
In order to fully characterize the relationship between BP and
other haemodynamic effects, an anaesthetized rat model was
used to determine the effects of R406 on a number of cardio-
vascular parameters. Figure 2 and Table 1 illustrate the
general haemodynamic actions of 3 and 5 mg·kg−1 R406
when administered intravenously over 30 min. R406 caused a
maximum increase of 10% in MABP (83 ± 5 compared with
75 ± 3 mmHg in the vehicle group, P < 0.05). R406 caused a
significant reduction in femoral arterial blood flow (FBF) and
femoral vascular conductance (FVC) of similar magnitude in
both dose groups (26–30% reduction for FBF and 36% reduc-
tion for FVC; P < 0.01; Figure 2C and E, Table 1). Decreases in
heart rate (5%) and LV dP/dt+ (an index of contractility; 13%)
were observed in the 5 mg·kg−1 group only (P < 0.05) possibly

reflecting a greater degree of reflex compensation at the
higher dose (Figure 2B and D, Table 1). Maximum R406 free
plasma concentrations were 82 ± 5 and 129 ± 17 nmol·L−1 for
the 3 and 5 mg·kg−1 groups respectively.

Effects of R406 on VEGF signalling and
NO production
R406 has a Kd of 20–40 nmol·L−1 for VEGFR2 in isolated
enzyme assays (Davis et al., 2011; Metz et al., 2011). R406 also
inhibits auto-phosphorylation of VEGFR2 in human umbili-
cal venous endothelial cells with an IC50 of 333 nmol·L−1

(T. Gururaja, unpubl. obs.). VEGF exerts its vasodilatory effect
by stimulating the production of endothelial NO. Therefore,
we determined the effects of R406 on VEGF-stimulated NO
production in HMEC cultures. Figure 3A shows the results
from typical experiments where pretreatment with R406, or
the VEGFR2 inhibitor pazopanib, caused a concentration-
dependent inhibition of VEGF-stimulated NO production,
as determined by cytosolic DAF fluorescence. Based on five

Figure 1
Pharmacokinetic : pharmacodynamic (PK/PD) relationship for R406 and BP. (A–C) Changes in MABP in conscious telemetered rats following
treatment with single oral doses of 10, 30 and 100 mg·kg−1 fostamatinib. Each graph shows vehicle-adjusted % change from baseline MABP versus
time (fine grey line, left Y-axes) and total R406 plasma concentration, including interpolated data (dashed line, right Y-axes) versus time. Moving
average for MABP was calculated over 10 consecutive observations and plotted at the time point of the last observation (bold black line). D shows
the fit of the PKPD model (black line) along with the observed data (individual symbols), where the observed data are composed of the measured
BP at each time point plotted against an observed or interpolated total R406 plasma concentration at the same time point.
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independent experiments, R406 and pazopanib inhibited NO
production with IC50 values of 339 (136; 838) nmol·L−1 and 25
(10; 63) nmol·L−1 respectively (means with 95% confidence
limits).

Inhibition of the VEGFR2 kinase activity was also deter-
mined in vivo.

Normal lung tissue endothelial cells in mice express high
levels of total and phosphorylated VEGFR2 and provide a
convenient ex vivo assay (Smith et al., 2007). In our experi-
ments, treatment of mice with fostamatinib decreased the
levels of pVEGFR2 in lung tissue (Figure 3B).

Effects of R406 on VEGF-induced
hypotension in anaesthetized rats
Consistent with previous studies (Yang et al., 1996; Horowitz
et al., 1997), i.v. bolus administration of VEGF had an acute
hypotensive effect: a dose of 55 μg·kg−1 VEGF administered
to vehicle-treated animals caused a maximum 19% (20 ±
3 mmHg) reduction in MABP at 2 min after administration
(Figure 4A). VEGF also caused an increase in FBF and FVC.
Administration of 4.5 mg·kg−1 R406 inhibited this effect so
that only a 1% (1 ± 1 mmHg) fall in MABP was seen with the

same dose of VEGF (P < 0.001). VEGF-induced increases in
FBF and FVC were also inhibited by R406 (P < 0.01; Figure 4B
and C). These data are consistent with our previous findings
demonstrating that VEGF receptor inhibitors can inhibit
VEGF-induced hypotension in anaesthetized rats (Wedge
et al., 2002; Curwen et al., 2008).

Effects of R406 on vascular and cardiac
contraction in vitro
Data from the anaesthetized rat study demonstrated that
infusion of R406 resulted in decreases in femoral conduct-
ance, dP/dt+ and heart rate. In order to determine if these
were direct cardiac and vascular responses, we examined the
effects of R406 on vascular tone of isolated blood vessels and
cardiac function of rat isolated hearts. R406 (up to 1 μmol·L−1)
produced no contractile or relaxant responses in rat aorta that
were pre-constricted with 10 μmol·L−1 phenylephrine (n = 4, P
> 0.05, Figure 5A). R406 (up to 1 μmol·L−1) did not directly
constrict human isolated resistance vessels (n = 6, P > 0.05,
Figure 5A). The effects of pre-incubation with R406 (0.7 or
2 μmol·L−1) on the phenylephrine concentration-response
curve were determined in rat aorta. During the 60–90 min

Figure 2
Effect of R406 on haemodynamic parameters in anaesthetized rats. The effects of i.v. infusion of 3 or 5 mg·kg−1 R406 on (A) MABP, (B) heart rate
(bpm), (C) FBF, (D) left ventricular contractility index (LV dP/dt+) and (E) FVC over a 30 min period. Panel F contains the corresponding unbound
plasma concentrations in nmol·L−1. Data are shown as mean ± SEM change from baseline, n = 8 per group. Peak effects are given in Table 1.
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pre-incubation period, R406 had no contractile effect (data
not shown), and had no effect on the phenylephrine
response (n = 4, P > 0.05, Figure 5B). Pretreatment with
L-NAME enhanced the peak response to phenylephrine by
28% (n = 4, P < 0.05, Figure 5B), consistent with inhibition of
basal NO activity (see Al-Zobaidy et al., 2011). Finally, R406
was tested for its effects in a Langendorff-perfused rat isolated
heart model. In this model, R406 (up to 0.3 μmol·L−1) had no

effect on coronary flow, heart rate or dP/dt+, (n = 6 hearts,
P > 0.05, Figure 5C).

Effects of R406 on endothelial function in
anaesthetized rats
Given that R406 caused a decrease in femoral arterial con-
ductance in vivo, an investigation into a possible effect on
endothelial function was conducted. The effects of R406 were
assessed in anaesthetized rats using two different endothelial
function tests: reactive hyperaemia (RH) and ACh-induced
dilatation (see Figure 6).

Effects on RH
Occlusion of the femoral artery for 5 min caused a reproduc-
ible increase in FBF and FVC upon release, with peak increases
occurring within 1 min. In the vehicle and R406 group, a
control RH was produced during an infusion of vehicle and
followed, 20 min later, by another RH during either a second
infusion of vehicle or R406, respectively. The vehicle itself
had an effect on the RH increasing the response versus the
control response and a slightly larger increase versus control
was observed after administration of 4.5 mg·kg−1 R406
(Figure 6A). The RH was quantified by calculating the AUC of
the FVC response and while R406 had no statistically signifi-
cant effect on the initial phase of the RH (AUC0–2 min), the AUC
of the entire RH (AUC0–5 min) was increased when compared
with the vehicle data (increase of 0.064 ± 0.010 mL·mmHg−1

after 4.5 mg·kg−1 compared with increase of 0.026 ±
0.009 mL·mmHg−1 in the vehicle group, P < 0.05; Figure 6E).

Inhibition of NOS with 10 mg·kg−1 L-NAME caused a
reduction of the RH while the vehicle for L-NAME had no
marked effect on the RH response (Figure 6B). L-NAME
reduced both the AUC0–2 min and the AUC0–5 min of the RH;
however, only the reduction of the initial phase was statisti-
cally significantly (decrease of 0.013 ± 0.008 mL·mmHg−1

after 10 mg·kg−1 compared with an increase of 0.008 ±

Table 1
Effects of R406 on haemodynamic parameters in anaesthetized rats

Parameter R406 3 mg·kg−1 R406 5 mg·kg−1

SABP +10% +7%*

DABP +9% +13%*

MABP +10% +10%*

Heart rate −2% −5%*

LV systolic BP −3% +1%

LVEDP −32% −13%

dP/dt+ −7% −13%*

dP/dt− +8% −8%

FBF −30%* −26%*

FVC −36%** −36%**

Peak effects of 3 or 5 mg·kg−1 R406 on haemodynamic param-
eters (SABP, DABP and MABP, LV parameters (LVEDP, LV end
diastolic pressure), indexes of cardiac contractility and relaxa-
tion (dP/dt+ and dP/dt-) and FBF and its derivative FVC over a
30 min period. Data expressed as percent change from time-
matched vehicle data following baseline adjustment for vehicle
and treated groups. n = 8 per group. *P < 0.05, **P < 0.01;
significantly different from time-matched vehicle data; analysis
of covariance. Further details are given in the Supporting
Information.

Figure 3
Effects of R406 and fostamatinib on VEGF signalling in vitro and in vivo. (A) R406 inhibits VEGF-stimulated release of NO from HMECs.
DAF-FM-loaded cells were pre-incubated with R406 or pazopanib for 20 min in independent experiments, and stimulated for 30 min with
50 ng·mL−1 VEGF. Cytoplasm-specific fluorescence was captured using an ImageXpress plate imager. Basal fluorescence in each experiment was
established by incubating cells with 5 μM anisomycin, a potent NOS inhibitor (horizontal and dotted lines). The bottom of each concentration-
response curve was fitted to these minima. Results are expressed as non-cumulative concentration-effects curves expressed as mean (±SEM; n =
5) for a representative experiment. a.u., arbitrary units. (B) Lung p-VEGFR2 levels in mice after dosing with 100 mg·kg−1 fostamatinib (Fosta)
and/or 20 μg VEGF. pVEGFR2 levels are normalized to total VEGFR2 and GAPDH.
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Figure 4
Effect of R406 on VEGF-induced vascular responses in anaesthetized rats. The effects of i.v. infusion of vehicle or 4.5 mg·kg−1 R406 on (A) MABP,
(B) FBF and (C) FVC when given in conjunction with VEGF. Vehicle or R406 were administered for 20 min as an i.v. infusion. At 15 min into the
infusion, a bolus 55 μg·kg−1 dose of VEGF was administered. Parameters were monitored for a further 15 min after the 20 min infusion period. Data
are shown as mean ± SEM change from baseline, n = 6 per group. The vertical line at 15 min represents the time for the VEGF injection, and the
line at 20 min represents the end of the R406/vehicle infusion and start of the washout.

Figure 5
Effects of R406 on rat isolated aorta, human isolated resistance vessels and rat isolated heart. (A) Contraction of rat isolated aorta (n = 4) and
human s.c. resistance arteries (n = 6) in the presence of R406. Data are presented as % relaxation relative to baseline and vehicle time-matched
control. (B) Rat aorta concentration-response curves to phenylephrine following pre-incubation with vehicle, R406 (0.7 and 2 μmol·L−1) and
L-NAME (100 μmol·L−1). Data are presented as % contraction relative to the maximal response seen with the first phenylephrine concentration-
response curve. (C) Effects of R406 on coronary flow, dP/dt+ and heart rate in Langendorff-perfused rat isolated hearts, n = 6 hearts. Data are
presented as vehicle adjusted mean (±SEM) % change relative to baseline.
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Figure 6
Effect of R406 on endothelial function in anaesthetized rats. (A) The effects of vehicle (for R406) and R406 (4.5 mg·kg−1) on the increase in FVC
induced during reactive hyperaemia (RH). (B) The effects of vehicle (for L-NAME) and L-NAME (10 mg·kg−1) on the increase in FVC induced during
RH. (C) The effects of vehicle (for R406) and R406 (4.5 mg·kg−1) on the increase in FVC induced by intra-arterial injection of ACh (0.1 μg).
(D) The effects of vehicle (for L-NAME) and L-NAME (10 mg·kg−1) on the increase in FVC induced by intra-arterial injection of ACh (0.1 μg).
(E) The effects of R406, L-NAME and corresponding vehicles on RH. The RH was quantified as the AUC of the of the FVC response (first 2 or 5 min
following occlusion release). Histograms show changes from the control RH. (F) The effects of R406, L-NAME and corresponding vehicles on the
ACh-induced vasodilatation. The vasodilatation was quantified as the AUC of the FVC response (first 30 s following injection). Time-effect plots
show means ± SEM (n = 5–7 rats) of change from baseline data. Histograms show changes from the control ACh response. * P < 0.05, **P < 0.01;
significantly different from vehicle; unpaired t-test.
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0.005 mL·mmHg−1 in the vehicle group, P < 0.05; Figure 6E).
The results indicate that the hyperaemic response is medi-
ated, in part, by mechanisms involving NOS, which, to the
best of our knowledge, is a novel finding in the rat.

Effect on ACh-induced response
Intra-arterial bolus injection of ACh (0.1 μg) caused a
vasodilatation, as shown by a transient increase in FBF and
FVC, with the peak effects occurring within 5–10 s.

The femoral vascular response to ACh was not markedly
affected by the administration of R406 or its vehicle when
compared with the control response performed 20 min earlier
(Figure 6C). The vascular effect of ACh was quantified by
calculating an AUC of the FVC response and no significant
difference between the effects of R406 or its vehicle was
observed (Figure 6F). In contrast, the femoral vascular
response induced by ACh was reduced after administration of
L-NAME (decrease of 0.003 ± 0.001 mL·mmHg−1 compared
with an increase of 0.001 ± 0.001 mL·mmHg−1 in the vehicle
group, P < 0.01; Figure 6D and F) confirming previous find-
ings that the vasodilatation induced by ACh is mediated in
part by NO (Furchgott and Zawadzki, 1980).

Discussion and conclusions

BP elevation is a recognized side effect of treatments that
inhibit VEGF signalling (Robinson et al., 2010; Keefe et al.,
2011; Thanigaimani et al., 2011). A number of mechanisms
have been proposed for the hypertensive effect of these drugs,
and it is likely that the contribution of VEGF in maintaining
basal vascular tone is involved (Bhargava, 2009; Lazarus and
Keshet, 2011). Based on a systematic investigation in non-
clinical models, the data presented here clearly demonstrated
that fostamatinib evoked a dose-dependent elevation in BP
that was indicative of a direct pharmacological effect. Addi-
tional data indicated that the BP elevation in rats was driven,
at least in part, by an increase in vascular resistance. Both in
vitro and in vivo data also demonstrated VEGF signalling was
inhibited by R406. Importantly, treatment with R406 could
inhibit VEGF-induced vasodilatation and hypotension in
anaesthetized rats. These data are in agreement with similar
observations made with other RTKIs (Curwen et al., 2008;
Franklin et al., 2009; Kappers et al., 2010; 2012; Brave et al.,
2011; Blasi et al., 2012; Nagasawa et al., 2012). Taken
together, the current study suggests that impaired vasorelaxa-
tion, resulting from reduced VEGF-mediated endothelial NO
release, may contribute to fostamatinib-induced BP elevation.
This hypothesis is consistent with the BP-elevating mecha-
nism of other kinase inhibitors whose pharmacological pro-
files overlap to some extent with that of R406 (for instance,
inhibition of VEGFR2; Robinson et al., 2010; Keefe et al.,
2011; Thanigaimani et al., 2011).

Clinical investigations have shown that TK inhibitors can
have complex effects on vascular function (Steeghs et al.,
2008; Mayer et al., 2011). The data presented here show that
R406 had a very specific inhibitory effect on NO-dependent
aspects of endothelial function in the rat model. Firstly,
VEGF-induced vasodilatation, a response known to be
NO-dependent, was almost completely inhibited by R406.

Secondly, R406 had no effect on the femoral arterial vasodila-
tation induced by ACh, an effect that has been shown previ-
ously, both clinically and non-clinically, to be due in part to
endothelial NO release (Furchgott and Zawadzki, 1980;
Vallance et al., 1989; Rees et al., 1990). Thirdly, R406 also had
no inhibitory effect on the RH evoked in the rat femoral
vascular bed. While the initial phase of the RH in response to
transient periods of ischaemia involves vasodilator metabo-
lites and myogenic responses, endothelial NO release has
been shown to contribute significantly to the later phase in
animals and humans (Yamabe et al., 1992; O’Leary et al.,
1994; Meredith et al., 1996; Joannides et al., 2006). Finally,
R406 did not inhibit the basal NO release present in rat aorta.
Overall, these data show that it is possible to specifically
inhibit one of the many pathways that converge on endothe-
lial NOS activation while leaving other pathways unaffected.
It is also convincing evidence that the fostamatinib-induced
BP elevation seen in the rat is not due to general depression
of endothelial function or decreased smooth muscle func-
tion, but rather due to a specific inhibition of tonic VEGF-
induced NO release.

It is of interest that R406 enhanced the RH response
(Figure 6A). It is not clear at this time what is the mechanism
for this enhanced response might be, but one possibility is
that it reflects activities of R406 at additional secondary
targets. However, further investigative studies will be required
to understand this phenomenon.

One apparent inconsistency between fostamatinib and
other TK inhibitors is the amount of VEGFR2 inhibition
expected at therapeutic doses, and the effect on BP. For most
drugs that inhibit VEGFR2 as the primary target, therapeutic
plasma levels of free drug exceed the VEGFR2 IC50 by 6- to
300-fold (based on values derived from HUVECs; McTigue
et al., 2012). Of note in clinical studies of rheumatoid arthritis
with fostamatinib, predicted therapeutic levels of R406 are
sevenfold below the equivalent VEGFR2 IC50. However, this
apparent difference can be reconciled by the magnitude of BP
elevation observed with these TK inhibitors, and their relative
potencies at VEGFR2. In phase II clinical trials, the mean
increase in systolic BP seen with fostamatinib is approxi-
mately 5 mmHg in patients with rheumatoid arthritis
(Weinblatt et al., 2010; Genovese et al., 2011). However, other
VEGFR2 inhibitors show much greater increases in BP in the
clinic (value in brackets refer to the mean mmHg increase in
systolic BP): cediranib (19, Robinson et al., 2010), pazopanib
(18, Heath et al., 2013), sorafenib (21, Veronese et al., 2006),
sunitinib (25, Eechoute et al., 2012) and vandetanib (12,
Mayer et al., 2011). Therefore, the comparatively lower
increase in BP seen with fostamatinib may reflect the lower
inhibition of VEGFR2 at therapeutic levels. This is consistent
with a large amount of clinical data showing that treatment-
induced hypertension for these approved drugs is dose-
dependent and correlates with the potency of VEGFR2
inhibition (Chen and Cleck, 2009).

One important aspect that we have not directly addressed
is whether the proposed mechanism for BP elevation in the
rat translates to that in humans. A number of TK inhibitors
that are known to elevate BP in humans also elevate BP in
several non-clinical species, including rats (Curwen et al.,
2008; Franklin et al., 2009; Kappers et al., 2010; 2012; Brave
et al., 2011; Blasi et al., 2012; Nagasawa et al., 2012). This
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suggests that the mechanisms for BP elevation by RTKIs may
be common across species. Importantly, the effects we have
shown on BP in rats occur at similar R406 plasma concentra-
tions to those that occur at predicted therapeutic doses in
humans (the mean unbound maximum R406 plasma concen-
tration was ∼49 nmol·L−1 with 100 mg fostamatinib b.i.d.;
M. Braddock, unpubl. obs.). In addition, we have shown that
R406 inhibits VEGF-induced NO production from human
endothelial cells, providing some limited evidence that the
mechanism for BP elevation identified in our models may
translate to humans.

This study has focused on the role that inhibition of VEGF
signalling plays in acute changes in vascular tone that occur
in response to fostamatinib. For this reason, alternative
mechanisms for BP elevation have not been examined in
detail. Numerous theories have been postulated to explain
the effects of VEGFR2 inhibition on BP (Bhargava, 2009).
These include microvascular rarefaction, reduced NO produc-
tion and increased circulating levels of vasoactive hormones
such as endothelin-1 and angiotensin II (Veronese et al.,
2006; Steeghs et al., 2008; Mayer et al., 2011; Belcik et al.,
2012; Blasi et al., 2012; Lankhorst et al., 2012; 2012;
Nagasawa et al., 2012). The acute changes seen in BP in this
study probably exclude a structural or pathological change as
a mechanism for BP elevation (i.e. microvascular rarefaction
or kidney pathology). We have also shown that fostamatinib
increases BP after angiotensin signalling is blocked by treat-
ment with an ACE inhibitor (Lengel et al., in preparation).
This suggests that the pressor effect of fostamatinib is not
mediated by the angiotensin signalling system. However, as
we have not measured levels of blood-borne factors that may
cause BP elevation (e.g. endothelin-1 and catecholamines),
we cannot exclude this as a possible mechanism for
fostamatinib-induced BP elevation. Another possibility is that
fostamatinib increases BP via an increased sympathetic vaso-
motor tone and this may explain the lack of vascular effects
in vitro. We have not addressed this in the current studies but
we believe it is unlikely since levels of tissue radioactivity
were either near or below quantifiable levels in the brain and
spinal cord in a quantitative whole-body autoradiography
study in rats given radiolabelled fostamatinib (A. Lordi,
unpubl. data). An effect at the level of the sympathetic
ganglia cannot, however, be excluded.

In our studies, we have measured the effects of R406 only
on the femoral vascular bed, much of which perfuses
hindlimb skeletal muscle. However, a significant proportion
of the cardiac output is directed to the skeletal muscle vascu-
lature, and small changes in the radius of resistance vessels in
skeletal muscle have been shown to greatly influence total
peripheral resistance (Thomas et al., 1990). This is exempli-
fied by the effects of L-NAME, which increases BP and also
concomitantly increases total peripheral, regional and
femoral vascular resistances in rats (Gardiner et al., 1990).
Therefore, it is reasonable to assume that the R406-induced
decrease in femoral vascular conductance (the inverse of
resistance) can be taken as an index of increased total periph-
eral resistance.

BP elevation has been observed in a proportion of patients
treated with fostamatinib in clinical trials. Based on the non-
clinical data presented here, a potential mechanism underly-
ing clinical responses may be increased vascular resistance as

a consequence of impaired vasorelaxation, resulting from
reduced VEGF-induced NO release from the endothelium.
This hypothesis is consistent with the hypertensive mecha-
nism of other TK inhibitors whose pharmacological profile
share overlap with R406 (e.g. inhibition of VEGFR2).
However, given the complexity of BP regulation, it is possible
that inhibition of VEGFR2 is not the sole mechanism for
fostamatinib-induced BP elevation. These data suggest that,
in the clinic, established anti-hypertensive treatments used
to manage BP elevation and hypertension observed with
marketed anti-VEGF drugs may also be appropriate for
fostamatinib-induced BP elevation.
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